We present an experimental study of the electromagnetic properties of transverse magnetic modes in a corrugated-wall cavity filled with a radially inhomogeneous plasma. The shifts of the resonant frequencies of a finite-length, corrugated cavity were measured as a function of the background plasma density and the dispersion diagram was reconstructed up to a peak plasma density of 10' cm [8, 15, 16] . In plasma filled relativistic TE, 3 gyrotron experiments both the beam current and output power were increased threefold over the corresponding vacuum case [17] .In other studies [18] ,plasma filled smooth waveguides served as the interaction region for relativistic plasma microwave oscillators, where the propagation of both fast (to/k, ) c) and slow (co/k, (c) TMpt modes were studied.
Spatially periodic electrodynamic structures are an essential part of many sources of high power, coherent, electromagnetic radiation [1] . In particular, cylindrical corrugated waveguides are used in relativistic microwave generators such as the backward wave oscillator where kinetic energy from a linear electron beam is transferred to electromagnetic waves [2 -7] . The backward wave oscillator uses a finitelength corrugated cavity and a cylindrically symmetric linear relativistic electron beam. The beam interacts with the first spatial harmonic of the corrugated resonator when the phase velocity of the mode, co/k, , equals the longitudinal velocity of the beam, U, .
Advantages of such oscillators are high power handling capability, frequency stability, as well as relative simplicity of beam formation, injection and propagation through the corrugated resonator. Additional capabilities include modest frequency tunability by changing the beam voltage and control of the output microwave power by changing the beam current. These two also represent limitations if greater flexibility is desired. Broadband frequency tuning is impossible and the output power is limited by deterioration in the electron beam quality as the beam current approaches a substantial fraction of the vacuum space charge limit. A promising solution to these two limitations of relativistic backward wave oscillators is to fill the beam propagation channel with a tenuous background plasma, thereby considerably changing both the beam propagation conditions and the electromagnetic properties of the system [8 -14] .
Beam propagation in a background plasma is affected by the ratio of the plasma electron density, N~, to beam electron density, Nb. As this ratio increases, more of the beam self space charge field is neutralized by the background plasma, thereby reducing the space charge effects on the beam quality. Under these conditions a much larger beam current can propagate through the system without big sacrifices in beam quality (low 6U, /U, ratio). [8, 15, 16] . In plasma filled relativistic TE, 3 gyrotron experiments both the beam current and output power were increased threefold over the corresponding vacuum case [17] .In other studies [18] ,plasma filled smooth waveguides served as the interaction region for relativistic plasma microwave oscillators, where the propagation of both fast (to/k, ) c) and slow (co/k, (c) TMpt modes were studied.
There are many papers devoted to the calculation and measurement of the dispersion characteristics and resonant frequencies of empty corrugated cavities; but our paper reports experimental measurements of dispersion characteristics of plasma-filled, corrugated cavities. In this research we have modified the well known resonant cavity technique [19] , in which the changes in the resonant frequencies of a cavity surrounding the plasma are related to the changes in the plasma density. The comparison of plasma influence on these resonances in both smooth and corrugated cavities is the main tool of the present research. In our studies we take into account two important factors: (a) the effects of radial nonuniformities in the plasma density and (b) finite-length effects in corrugated wall cavities, which leads to the formation of discrete axial modes. In a finite-length, plasma loaded structure the axial wave numbers are quantized affecting the spectral characteristics of the system. We were able to measure the full dispersion diagram of a plasma loaded, finitelength, corrugated waveguide up to a peak plasma density of 10' cm In the present study, plasma creation, propagation and filling of the cavities were accomplished in the same manner as in earlier work [15] .A brief description is given below while in depth information can be found in Ref. [22] . transform was used to convert the probe saturation current (taken at various radial positions) to a radial plasma density profile. The results indicate that the plasma column had roughly a bell-shaped profile with a radius, R~, (measured at 70% peak density) of 1.2 cm at 400 p, sec and 1.7 cm at 800 p, sec. To illustrate temporal behavior of the plasma in the column, an oscillogram of the electron saturation probe current is presented in Fig. 2(a) . The calibrated temporal dependence of the absolute peak plasma density (to be described later) is presented in Fig. 2(b) , where the solid line is the plasma density averaged over many shots. A peak electron plasma density of %~=1. 5X10' cm is established 200 p, sec after initiation of the plasma gun, and is a monotonically decreasing function of time.
Two interchangeable plasma filled cavities -both smooth and corrugated -were studied with identical plasma loading.
The corrugated cavity, shown schematically in Fig. 1 diaphragm collimator with a diameter of 2 cm, which is smaller than the diameter of both the smooth and the corrugated cavities. In this way the same degree of plasma-filling was achieved in both cavities.
In this study an approach was used to study the electrodynamic properties of the cavities that took advantage of the time varying nature of pulsed plasma loading: If a Axed frequency higher than a resonant frequency of the evacuated cavity is externally applied, a dramatic change in the reflected signal occurs when the plasma density has the proper value to shift the resonance frequency up to the applied frequency. The experimental setup for measuring the reflection, shown schematically in Fig. 1 , yielded the oscillograms shown in Fig. 2 was to study the shifts of the resonances of a smooth cavity due to the background plasma in order to get an independent, absolute calibration for the plasma density measured by the Langmuir probe. In the second step the shifts of the discrete resonant frequencies of the corrugated cavity were measured as a function of the background plasma density and the dispersion curve was reconstructed up to a peak plasma density of 10i2 cm The goal of the first step was to independently characterize the plasma column. A specificall developed code [22] was used to calculate the dispersion curve of TMO& symmetry and an arbitrary plasma profile. In this work, an infinite guiding magnetic field was assumed and the plasma collimator effect (a "truncated" profile) was taken into account. The actual measured plasma profile was used, except that the plasma density was considered zero for r )R . The dispersion curve generated in this way was used to calculate the frequency shift of the TMO", axial modes of a plasma filled smooth walled cavity, and the results are shown in Fig.   3(a) . The solid lines correspond to resonances with axial mode number n = 1,2, . . . , 8 from left to right. It shows that the plasma shifts the resonance frequencies of the individual axial modes. An increase in plasma density corresponds to an upward movement along the vertical axis. As an example, one can see that when the plasma density is in the range 0~N~9X10"cm, the resonance condition can be satisfied for seven discrete TMO&"modes when the resonator is excited at a fixed frequency of 10 GHz (vertical dashed line).
At this excitation frequency the resonance condition for mode number n = 7 is satisfied for plasma density of N =7X10' cm, mode n=6 at N =4X10' cm and so on up to n=1 atN&=8. 65X10 cm
In the experiment, many shots were taken to cover the frequency range from 7 up to 12 GHz (the cutoff of the TM02 in the corrugated cavity is about 14 GHz while in a smooth-wall cavity it is 16 GHz). Mode numbers can be assigned to the experimentally observed resonances by careful comparison of these shots and the important restriction that a mode frequency can only be upshifted by the plasma. The higher the plasma density, the higher upshift. Once the time dependent resonance for a specific injection frequency was known, the plasma density at that moment is given by the code calculation. As an example, for an applied frequency of 10 GHz, as in Fig. 2(c) , the resonance condition for the TMO&7 is satisfied at t= 900 p, sec and a plasma density of N~= 7 && 10' cm is taken from Fig. 3(a) ; next is the TM o&6 at t = 473 p, sec and N~= 4 X 10" cm and so on up to mode TMO» at t=305 p, sec and N~=8. 65X10 ' cm This calibration, for many shots, shown in Fig. 2(b) , was then used in the next phase of our study.
In the second step of our research the complete dispersion curve of a plasma loaded, spatially periodic, corrugated cavity was measured. The above experimental procedure was repeated, this time with a plasma-filled corrugated cavity, except that the plasma density is now known from the measurements described above. From the reflected power oscillogram shown in Fig. 2(d presented earlier for empty cavities [23] , where the resonances of evacuated closed and open (i.e., coupled to a radiating antenna) corrugated cavities were measured. Very good agreement between measurements and calculated resonant frequencies suggests that for an open corrugated cavity, the wave number k," is given by /i:, "= (n -1/2) 7r/Lo rather than k,"=n7r/Lo as in the smooth close cavity case (Lo=total cavity length). Experimental data for n = 1 and n = 6 are presented in Fig. 3(b) . Solid lines represent the result of averaging through experimental points. The lines make it possible to determine the measured dependence of resonant frequency of given resonant wave number, k,", on the plasma density. For example, if N =5X10 cm, the n = 1 and n = 6 curves in Fig. 3(b) determine that the corresponding resonance frequencies are 8.47 and 9.17 GHz, respectively.
The full result of this procedure, shown in Fig. 4 , is the dispersion diagram of the plasma-filled corrugated cavity.
The points connected with the solid line are experimental.
The lowest curve is for N~=O, the next one up is for N"=10 cm and so on for 2, 5, and 8X10 cm . The independently calculated [24] dispersion curves for an infinitely long, corrugated waveguide loaded with the same plasma densities is superimposed in the figure. The geometry used for these calculations was close to the experimental parameters (R"=0. 75 passband (the difference between the upper cutoff and the lower cutoff) for the TMoi mode in vacuum is about 1.25 GHz. When the plasma density is 8 X 10", this difference is reduced to less than 0.6 GHz.
In conclusion, we were able to measure the complete dispersion curve of TMO&"modes of a plasma loaded, finitelength corrugated cavity. The measurement is in good agreement with calculations below peak plasma densities of 5X10" cm . Frequency shifts as high as 1.3 6Hz were measured for the TMO& mode. It is expected that plasma effects presented in this work will enable electronic frequency tunability over a wide range ()20%) in backward wave oscillators [15] and free electron lasers [25] . Experimental and theoretical work using plasma columns in coupled cavity traveling wave tubes (CCTWT's) demonstrated the possibility of achieving a very large instantaneous bandwidth ()40%) as well as high efficiency (~35%) and high power [26] .
